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We relocated the mainshock and immediate aftershocks of the 1964 Niigata earthquake (Ms 7.5) using both the
modiﬁed joint hypocenter determination (MJHD), and the grid search (GS), methods to obtain their hypocenters
and identify the fault plane of the mainshock. We used P-wave arrival times at 13 Japanese stations reported
by the Japan Meteorological Agency (JMA). Firstly, we performed the MJHD method to select readings with
high accuracies and to obtain station corrections that related to the lateral heterogeneity of the Earth’s structure.
Secondly, we performed the GS method by using only selected readings and assuming the station corrections.
Based on the relocated hypocenters, we found that the mainshock and immediate aftershocks occurred along
a plane striking N15◦E and dipping 11◦ eastward. This result strongly suggests that one of the nodal planes
of the mainshock, for which the strike and dip are N9◦E and 34◦, respectively, is preferable as the fault plane.
When global stations are also used for relocations, the results conﬁrm that the fault plane of the 1964 Niigata
earthquake dips gently eastward. Therefore, we concluded that the fault plane of the 1964 Niigata earthquake is
gently eastward-dipping.
Key words: Niigata earthquake, fault plane, modiﬁed joint hypocenter determination method, grid search
method, aftershock.
1. Introduction
The Niigata earthquake (Ms 7.5) of June 16, 1964, oc-
curred to the south of Awashima Island, Niigata Prefec-
ture, in central Japan. It was a thrust earthquake lo-
cated at the eastern margin of the Japan Sea mobile belt
that extends from Sakhalin to off Niigata (e.g., Ohtake et
al., 2002). The southern end of the belt connects to the
Itoigawa-Shizuoka tectonic line and is considered to con-
stitute a section of the convergent boundary between the
Eurasian and North American plates (Kobayashi, 1983;
Nakamura, 1983). Nakamura (1983) proposed the existence
of a nascent trench along the eastern Japan Sea (Fig. 1).
Large earthquakes, including the 1983 Nihon-Kai Chubu
earthquake (Japan Sea earthquake, Mw 7.7) and the 1993
SW off Hokkaido earthquake (Mw 7.7), have occurred east
of the nascent trench along the eastern Japan Sea (Fig. 1).
The fault plane of the 1983 Nihon-Kai Chubu earthquake
is gently eastward-dipping, as ascertained from the distri-
bution of aftershocks (e.g., Umino et al., 1985). This is
consistent with the subduction of the Eurasian Plate at the
nascent trench along the eastern Japan Sea. However, the
fault plane of the 1993 SW off Hokkaido earthquake is
westward-dipping at the southern part of the source area and
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eastward-dipping at the northern part (e.g., Tanioka et al.,
1995). The complex nature of the fault planes might reﬂect
the fact that this is a new plate boundary where subduction
has just started.
The 1964 Niigata earthquake, which occurred to the
south of these earthquakes, is a reverse fault earthquake
with an E-W compressional axis (Hirasawa, 1965; Aki,
1966a, b). There have been various studies of the fault
plane of the earthquake using different kinds of geophys-
ical data, and both westward-dipping and eastward-dipping
fault plane models have been proposed. Vertical and hori-
zontal crustal movements on land have been explained by
a westward-dipping fault plane model with a steep angle
(Abe, 1975; Matuhashi et al., 1987), while a vertical crustal
movement at the ocean bottom has been explained by a gen-
tly eastward-dipping fault plane model (Satake and Abe,
1983). Although aftershocks have been relocated to ob-
tain the fault plane of the mainshock, it is very difﬁcult to
identify the fault plane because of the poor determination
accuracy of hypocenters (Kayano, 1968; Hamada, 1983;
Fujiwara and Seno, 1985; Mori and Boyd, 1985; Kusano
and Hamada, 1991). Using a Bayes method for tempo-
rary observations of aftershocks, Kayano and Imoto (1989)
concluded that hypocenters were distributed along the east-
dipping fault plane rather than along the west-dipping one,
based on the Akaike Bayes Information Criteria (ABIC).
The fault plane of a large earthquake is one of most fun-
damental pieces of seismological information required to
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Fig. 1. Major tectonic lines and the distribution of stations in the study
area. Stars indicate the stations used in this study. Aftershocks of the
1964 Niigata (this study), and of the 1983 Nihon-Kai Chubu and 1993
SW off Hokkaido earthquakes (Hurukawa, 2011), are also shown. Sym-
bols and sizes of symbols differ according to depths and magnitudes of
earthquakes, respectively. Focal mechanisms of the Niigata earthquake
(Abe, 1975) and other events by Global CMT solutions (Dziewonski
et al. (1981) and later updates) are also shown. JSNT: Nascent Trench
along the eastern Japan Sea proposed by Nakamura (1983). JSMTB:
Main tectonic boundary along the eastern Japan Sea (Taira, 2002). IS:
Itoigawa–Shizuoka tectonic line. EUR: Eurasian Plate. NAM: North
American Plate.
understand the mechanism of the occurrence of the earth-
quake and the seismo-tectonics of the source area, as well
as for evaluating the prospect of future earthquakes. The
source area of the Niigata earthquake is located at the main
tectonic boundary of the eastern margin of the Japan Sea
(Taira, 2002). Seismic gaps, in which large earthquakes
are expected to occur in the near future, exist in areas ad-
jacent to the Niigata earthquake (Ohtake, 2002). To evalu-
ate the potential occurrence of future earthquakes and their
source mechanisms, the fault plane of the Niigata earth-
quake should be identiﬁed as accurately as possible.
In this study, both the modiﬁed joint hypocenter determi-
nation (MJHD) and the grid search (GS) methods are used
to relocate the hypocenters of the 1964 Niigata earthquake
and its immediate aftershocks by using the arrival times of
P waves at stations reported by the Japan Meteorological
Agency (JMA). We then identify the preferred fault plane
of the mainshock.
2. Methods and Data
To accurately relocate hypocenters, we employed the
modiﬁed joint hypocenter determination (MJHD) method
developed by Hurukawa and Imoto (1990, 1992). Because
of the lateral heterogeneity of the Earth’s structure, the as-
sumption of a horizontally homogeneous velocity model, as
normally used in standard hypocenter determinations, is in-
adequate for obtaining accurate locations of earthquakes.
The joint hypocenter determination (JHD) method (Dou-
glas, 1967; Freedman, 1967; Dewey, 1972) enables us to
simultaneously relocate many earthquakes, thereby remov-
ing the effects of lateral heterogeneity. In doing so, we de-
ﬁne a station correction that accounts for the lateral het-
erogeneity of structure. JHD solutions may, however, be-
come unstable and unreliable as a result of the trade-off be-
tween station corrections and estimated focal depths, given
the heterogeneous nature of the Earth’s structure and the
problems that arise from poor station coverage. For this
reason, Hurukawa and Imoto (1990, 1992) developed the
MJHD method for locating local earthquakes, in which the
station correction is independent of both the distance and
azimuth from the center of the studied region to the given
station, thereby improving the stability of the method. Sub-
sequently, Hurukawa (1995) extended the MJHD method
for locating teleseismic earthquakes, and we use this ex-
tended version in this study.
Locations by the MJHD method, however, might depend
on the initial hypocenters assumed. Therefore, we also used
a grid search (GS) method to analyze the data. Assuming
a hypocenter at many grid points and different origin times
for each earthquake, we calculated theoretical travel times
for stations. Then, the sum of squares of travel-time resid-
uals (SSR in s2) at all grid points were calculated and com-
pared. The grid point with the minimum SSR was identiﬁed
as the hypocenter of the earthquake. However, there are two
big problems in the GS method. These are: (1) effects re-
lated to the lateral heterogeneity of the Earth’s structure;
and (2) selection of good reading data. We overcame these
problems by the joint use of the MJHD and the GS meth-
ods. That is: (1) to apply station corrections obtained by
the MJHD method to remove the effects of the lateral het-
erogeneity; and (2) to use only readings ﬁnally used in the
MJHD method after examining readings to select readings
with high accuracies. Standard errors of the GS solution
were given by the square root of the diagonal elements of
the variance-covariance matrix for hypocentral parameters
(e.g. Havskov and Ottemo¨ller, 2010).
We obtained hypocenters and phase arrival data from
the Japan Meteorological Agency (JMA), and analyzed
them for the period June 16–30, 1964. Events were se-
lected at all depths within the region 37.8◦–39.0◦N, 138.6◦–
139.8◦E (dotted areas in Figs. 1–4). Figure 2(a) shows JMA
hypocenters of 469 earthquakes in the study area for the pe-
riod of interest.
Only P-wave arrival times were used in this study, be-
cause these are more reliably observed than are the subse-
quent S-wave and later-phase arrival times. Although di-
rect S waves observed at stations close to the source region
would help to constrain the hypocenter depths, it would be
very difﬁcult to judge whether an initial S wave at each sta-
tion for each event is a direct wave, or a diffracted wave,
without examining seismograms. Therefore, we preferred
to use only initial P waves. We used the iasp91 model
(Kennett and Engdahl, 1991) to estimate travel times.
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Fig. 2. Comparison of the aftershock distribution using JMA data with the mainshock focal mechanism estimated by Abe (1975). (a) JMA locations.
(b) Hypocenters relocated by using the MJHD method. Strike A–B is perpendicular to the strikes of the two nodal planes estimated by Abe (1975),
while strike C–D is parallel to the dip-direction of the best-ﬁt plane. The solid and broken lines in the depth section A–B denote the two nodal planes
of the focal mechanism that pass through the hypocenter of the mainshock. The sizes of the crosses denote the error bars of the relocated hypocenters.
Solid lines represent the surface traces of active anticline axes as established by Okamura et al. (1994).
3. Results of the MJHD Method
To improve the locational accuracy, it is essential to se-
lect stations at which many earthquakes have been observed
with a high precision, and then to use only precise readings
at these stations for hypocenter determination. On such a
basis, we selected ﬁve important nearby JMA stations (NII,
SAK, AIK, FUK, and AKI in Fig. 1), for which Kusano
and Hamada (1991) had carefully re-picked arrival times.
In addition, we selected additional stations in the follow-
ing preliminary analysis. We relocated the hypocenters of
131 earthquakes assuming that the minimum number of sta-
tions (MSTN) that observed each earthquake was 10 and
the minimum number of events (MEVN) observed at each
station was 40. During the relocation process, readings with
arrival-time residuals exceeding 2 s were identiﬁed and then
excluded from further analysis. The number of stations used
in the analysis was 23, including the ﬁve aforementioned
stations. The number of earthquakes used at each station
varied from 41 to 124. If we chose stations that recorded
smaller numbers of events together with those that recorded
many events, a bias of hypocenter locations might be in-
troduced between earthquakes that were recorded by the
smaller-number stations and those that were not. Therefore,
we selected only those stations that recorded a large number
of events.
Two stations, NII and SAK, located on opposite sides of
the source area, contributed highly-precise hypocenter lo-
cations. The number of earthquakes recorded and used at
SAK was 73 and was the least for the ﬁve above-mentioned
stations, which were re-examined by Kusano and Hamada
(1991). Therefore, for the subsequent ﬁnal analyses we se-
lected only the 13 stations, for which the epicentral dis-
tances were less than 2.1◦, which recorded at least 73
events, as shown in Fig. 1.
Following Kusano and Hamada (1991), who re-examined
and analyzed arrival times at JMA stations, we used read-
ings with travel-time residuals of <1.5 s. Here, MSTN and
MEVN were set to 12 and 30, respectively, to locate 36
events. Figure 2(b) shows the 31 relocated hypocenters of
the mainshock and aftershocks for which the standard errors
of latitude, longitude, and focal depth are <0.03◦, <0.03◦,
and <5 km, respectively. Thirteen stations were used (see
Fig. 1). The cross-section A–B in Fig. 2(b) shows the two
nodal planes of Model II estimated by Abe (1975). The
strike of the planes is N9◦E and the westward-dipping plane
dips at 56◦ while the eastward-dipping plane dips at 34◦. It
is clear that the relocated hypocenters are distributed not
along the steeper westward-dipping nodal plane, but along
the gentler eastward-dipping plane.
We also obtained a best-ﬁt plane for the 3-D hypocenter
distribution using the least-squares method. The direction
of maximum dip is E18◦S and the dip is 11◦. The cross-
section C–D in Fig. 2(b) shows a vertical projection of the
hypocenters in this direction. Since the hypocenters contain
large errors, it is pointless to discuss the above values in de-
tail. However, the result conﬁrms that the eastward dipping
nodal plane is preferable as the fault plane of the 1964 Ni-
igata earthquake.
4. Results of the Grid Search Method
We examined the 36 ﬁnal hypocenters determined with
the MJHD method by using the grid search (GS) method.
Applying the station corrections obtained in the MJHD
method, we used only the readings ﬁnally used in theMJHD
method, which had travel-time residuals of <1.5 s. The GS
method was performed in several steps. In the ﬁrst step,
grids covered the range of ±10.0 s in origin time, ±1.0◦ in
longitude and latitude, and ±50 km in depth from the ﬁ-
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Fig. 3. Relocated hypocenters using JMA data performed by the GS method. (a) Final hypocenters relocated by using the GS method. The Awashima
Uplift Zone (AUZ) is shown by a thick broken line. Symbols are the same as those in Fig. 2. (b) Distribution of the sum of squares of residuals (SSR
in s2) for the mainshock calculated by using the GS method.
Fig. 4. Relocated hypocenters using both JMA and ISC data performed by the GS method. (a) Hypocenters relocated by using the GS method. Symbols
are the same as those in Fig. 2. (b) Distribution of the sum of squares of residuals (SSR) for the mainshock calculated by using the GS method.
nal hypocenter in the MJHD method. The grid interval was
then reduced to 1.0 s, 0.1◦, and 10.0 km, respectively. The
grid interval for the ﬁnal search was 0.01 s, 0.01◦, and 0.1
km, respectively.
Figure 3(a) shows the 30 relocated hypocenters of the
mainshock and aftershocks for which the standard errors of
latitude, longitude, and focal depth were <0.03◦, <0.03◦,
and <5 km, respectively.
Averages and standard deviations of differences (be-
tween values generated by the MJHD and the GS meth-
ods) for the 30 hypocenters are 0.000◦±0.003◦ for latitudes,
0.002◦±0.007◦ for longitudes and −0.04±0.22 km for fo-
cal depths. These differences are smaller than the minimum
grid intervals of the GS method and are much smaller than
the standard errors of the MJHD and GS hypocenters. This
result demonstrated that MJHD solutions did not trap in the
local minimums of the SSRs, i.e., did not signiﬁcantly de-
pend on the initial hypocenters.
We obtained a best-ﬁt plane for the 3-D hypocenter dis-
tribution using the least-squares method. The direction of
maximum dip is E15◦S and the dip is 11◦. The cross-section
C–D in Fig. 3(a) shows a vertical projection of the hypocen-
ters in this direction. Therefore, we conclude that the fault
plane of the 1964 Niigata earthquake corresponds to the
eastward-dipping nodal plane.
Figure 3(b) shows the 3-D distribution of SSRs (sum of
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squares of travel-time residuals) for the mainshock. The
longwise SSR contours on the vertical cross-section along
longitude clearly show the poorly-constrained nature of the
mainshock focal depth. The contours, moreover, lean to the
west. Since the SSR distributions of the immediate after-
shocks show the same feature, it may be that the scatter-
ing of hypocenters due to poorly-constrained focal depths
produces the westward- and steeply dipping distribution of
mainshock and aftershocks.
5. Discussion
5.1 Combination of JMA and ISC data for relocation
Distant stations, where seismic rays are near vertical,
contribute mainly to the determination of focal depths. For
example, in the case of a focal depth of 10 km, partial
derivatives of travel times with respect to epicentral dis-
tance and focal depth, dT/d and dT/dZ , respectively,
are as follows: dT/d at stations with  = 1◦ and 100◦
are 13.98 and 4.44 s/degree, respectively, while dT/dZ at
stations with  = 1◦ and 100◦ are 0.016 and −0.168 s/km,
respectively. The latter value, −0.168 s/km at  = 100◦,
is very close to the value of 0.172 s/km at a station with
 = 0◦ with opposite sign. That is, phase data at distant
stations contribute to focal depths but not to epicenters.
Therefore, in order to conﬁrm the results in Sections 3
and 4 where we used only JMA data, we relocated earth-
quakes using JMA data and additional International Seis-
mological Centre (ISC) data outside of Japan. The time
period and area used were the same as those described in
Section 2. Since ISC data include only a small number of
JMA stations, while JMA bulletins include all data at JMA
stations, including revised readings by Kusano and Hamada
(1991), we used readings at JMA stations reported by the
JMA bulletins instead of those provided by the ISC. We
used only 13 JMA stations, the same as those used for the
analysis in Sections 3 and 4. We relocated earthquakes by
setting values for MNST at 14 and MEVN at 25. During
the relocation process, readings with arrival-time residuals
exceeding 2.0 s were identiﬁed and excluded from the anal-
ysis. Forty-two earthquakes were relocated using the 25
stations including the 13 JMA stations. When we used the
original MJHD method for global locations, as proposed
by Hurukawa (1995), the focal depths of many earthquakes
became 0 km, which represents an artiﬁcial bias. This bias
was mainly caused by the difference between the assumed
velocity model and the actual velocity structure. Since the
effect of the difference is the same for all the earthquakes,
relative locations are still reliable. To remove this artiﬁcial
bias related to focal depths, Hurukawa et al. (2008) intro-
duced a new parameter a1, which can shift a group of earth-
quakes vertically. The larger the a1 is, the deeper the cal-
culated focal depths are. Therefore, we set a1 = 0.4 here,
because no earthquakes were located at 0 km in depth when
a1 ≥ 0.4.
Assuming the station corrections obtained in the MJHD
method and using only readings that were ﬁnally used in the
MJHD method, in which travel-time residuals were <2.0 s,
we performed the GS method. Figure 4(a) shows the 34
relocated hypocenters of the mainshock and aftershocks for
which the standard errors of latitude, longitude, and focal
depth are <0.03◦, <0.03◦, and <5 km, respectively. The
cross-section A–B in Fig. 4 shows the two nodal planes of
Model II estimated by Abe (1975).
We also obtained a best-ﬁt plane to the 3-D hypocenter
distribution using the least-squares method. The direction
of maximum dip is E28◦S with a dip of 8◦. The cross-
section C–D in Fig. 4(a) shows a vertical projection of the
hypocenters in this direction. The plane is very similar to
the plane obtained in Section 4. Therefore, this conﬁrms
that the fault plane of the 1964 Niigata earthquake corre-
sponds to the eastward-dipping nodal plane.
Figure 4(b) shows the 3-D distribution of SSR for the
mainshock determined using both JMA and ISC stations. It
is clear that intervals of SSR contours in the depth direction
are equivalent to those in the E-W direction, indicating that
the incorporation of ISC stations resulted in improved depth
accuracies. The SSR distributions of immediate aftershocks
have the same tendency as those of the mainshock.
5.2 Comparison with previous studies
Our main result of the eastward dipping for the Niigata
earthquake conﬁrms the ﬁnding of Mori and Boyd (1985),
who relocated aftershocks using the joint hypocenter deter-
mination (JHD) method. They used 11 stations within an
epicentral distance of 2◦. Ten of those 11 stations were also
used in the present study. However, the errors of hypocen-
ters determined by Mori and Boyd (1985) were very large
compared with those calculated here. The main reasons for
this difference are that we were able to use readings at ﬁve
stations re-examined by Kusano and Hamada (1991), and
that we used only P-wave arrival times, which are much
more accurate than S-wave arrival times.
Our result also corresponds with the ﬁnding of Kayano
and Imoto (1989), who applied an algorithm for estimating
the locations of earthquake clusters to select the most prob-
able fault plane among several possible candidates (Imoto
and Hurukawa, 1988) for aftershocks of the Niigata earth-
quake recorded by temporary observations (Kayano, 1968).
Kayano and Imoto (1989) analyzed data from July 2 to 6,
1964, which is some two weeks after the mainshock, but we
were able to analyze immediate aftershocks and found that
they occurred on an east-dipping fault plane.
However, our result is in contrast to the ﬁnding of Kusano
and Hamada (1991), who relocated hypocenters of after-
shocks using the JHD method. They used 15 JMA stations
including 12 of the stations that we used in our MJHD-GS
relocation. The contrasting result is probably due to three
reasons: (i) those authors located smaller earthquakes that
were recorded at a smaller number of stations, since one
of their main purposes was to locate as many earthquakes
as possible; (ii) they used S-waves as well as P-waves in
hypocenter determination; and (iii) they used three addi-
tional stations for which readings were less accurate than
for our 13 selected stations. We conclude that, in order to
obtain accurate aftershock distributions, it is important to
select stations that record many earthquakes with a high de-
gree of accuracy, and to use only accurate arrival times of
the initial P-waves at the selected stations. The procedure
that we used for station and data selection for theMJHD-GS
method enabled us to relocate many earthquakes simultane-
ously and with a high degree of accuracy.
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5.3 Comparison with the geological structure
We also examined the absolute accuracy of relocated
hypocenters by comparing our results with JMA hypocen-
ters. We calculated the differences between the epicenters
estimated using MJHD-GS (in which we used only JMA
data, as in Section 3.1) and those using JMA (i.e., MJHD-
GS minus JMA) for the 30 earthquakes shown in Fig. 3(a).
The average differences and their standard deviations are
−0.004◦±0.040◦ for latitudes, 0.018◦±0.032◦ for longi-
tudes, and −1.80 km ± 13.35 km for focal depths, and there
is no signiﬁcant bias. Furthermore, we examined the abso-
lute accuracy of focal depths by comparing our result with
that of Kayano (1968), who made temporary observations
of aftershocks. According to Kayano (1968), earthquakes
during June 23 and 30 were concentrated between 5 and 20
km depth. Although hypocenters from the JMA and Ku-
sano and Hamada (1991) were scattered from 0 to 40 km
depth, focal depths of almost all earthquakes were relocated
to depths shallower than 25 km using theMJHD-GSmethod
in this study, and are similar to the focal depths determined
by Kayano (1968).
On the basis of these results, it is possible to compare the
MJHD-GS hypocenter distribution map with the geologi-
cal structure in and around the source area. According to
Okamura et al. (1994), and Okamura and Kato (2002), the
aftershock area of the Niigata earthquake corresponds to the
Awashima Uplift Zone (AUZ). The western part of the AUZ
dips steeply and consists of anticlines cut by westward-
dipping high-angle reverse faults. Therefore, if the fault that
caused the Niigata earthquake had been a westward-dipping
high-angle reverse fault, the mechanism of the earthquake
would correspond to the active structure in the area. How-
ever, the result of the relocation of aftershocks in this study
indicates that the fault plane dips eastward. In that case,
the western edge of the aftershock area corresponds to the
western edge of the AUZ and to active anticline axes in the
western part of the AUZ (Fig. 3). Since the western exten-
sion of the Niigata earthquake fault would reach the active
anticline axes at the surface, the Niigata earthquake fault
might have a close relationship with these active anticlines.
Several M ≥ 7.5 earthquakes have occurred along the
eastern margin of the Japan Sea, including the 1964 Niigata
earthquake and the 1983 Nihon-Kai Chubu earthquake. The
discovery of a seismic gap off Akita prefecture between
the source areas of the 1833 Shonai (M 7.5) and the 1983
Nihon-Kai Chubu (Mw 7.7) earthquakes led Ohtake (1995,
2002) to propose the possibility of an M ∼ 7.5 earthquake.
In this study, we have been able to conﬁrm that the fault
plane of the 1964 Niigata earthquake dips eastward, similar
to that of the 1983 Nihon-Kai Chubu earthquake. Since
the western edges of these earthquakes were located near
the main tectonic boundary along the eastern Japan Sea
(JSMTB) (Fig. 1), the fault plane of a future earthquake will
also likely dip gently eastward.
6. Conclusion
To identify the fault plane of the 1964 Niigata earth-
quake (Ms 7.5), we relocated the hypocenters of the June
16 mainshock and its aftershocks to June 30 using both
the modiﬁed joint hypocenter determination (MJHD) and
grid search (GS) methods. We used P-wave arrival times
at 13 JMA stations. Firstly, the MJHD method was per-
formed to select readings with high accuracies and to ob-
tain station corrections. Secondly, applying the station cor-
rections to selected readings, we performed the GS method.
The mainshock and its aftershocks are distributed along the
gently eastward-dipping plane. This result suggests that
the preferable fault plane of the 1964 Niigata earthquake is
the eastward-dipping nodal plane estimated by Abe (1975),
which has a direction of maximum dip and a dip of E9◦S
and 34◦, respectively. We also relocated earthquakes us-
ing P-wave arrival times at 13 JMA stations and 12 global
stations using the both MJHD and GS methods. The main-
shock and its aftershocks are distributed along the eastward-
dipping nodal plane, similar to the result using only JMA
data.
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